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A strain of Klebsiella oxytoca BAS-10, known to produce a specific exopolysaccharide (EPS), when grown
aerobically in static mode in the presence of Pd(NO3)2, generated the species Pd-EPS that was used as
catalyst precursor in the aqueous biphasic treatment of some nitrocompounds with hydrogen.
Nitrobenzene was hydrogenated to aniline with almost quantitative yields and the catalyst, embedded
in the aqueous phase, was used with success and with near the same efficiency in three recycling
experiments. In the case of 1-iodo-4-nitrobenzene only nitrobenzene was obtained while the
unsaturated nitro compound b-methyl-b-nitrostyrene afforded both the corresponding oxime and the
saturated nitro derivative.Introduction
The realization of greener and sustainable processes may be
achieved using environmentally benign solvents and efficient
catalysts; in particular, the use of water as sole solvent, or co-
solvent for biphasic reactions, and easily recyclable hydrophilic
catalysts seem a highly desirable way to this target [1–3]. As matter
of fact metallic species, stabilized by suitable ligands and confined
in the aqueous phase, are known to work at the interface as
catalysts for carbon–carbon bond formation and for hydrogena-
tion and oxidation reactions [1–4]; at the end of the process, after
separation of the aqueous phase from reagents and products
present in a suitable immiscible organic phase, the catalyst may
be easily re-used more times if no leaching or degradation phe-
nomena occur. In the past years natural compounds, such as
aminoacids, peptides, proteins, sugars or more complex bacteria
membranes were used as ligands for metallic species active as
catalysts in water, but these catalysts sometimes may have draw-
backs that reduce the advantage of their use [5–12]. Very recently
we envisaged a new way of producing some metal–polysaccharides
catalysts, that are not water soluble but require water to be activeCorresponding author: Paganelli, S. (spag@unive.it)
http://dx.doi.org/10.1016/j.nbt.2015.01.010 
1871-6784/ 2015 Elsevier B.V. All rights reserved. and remain confined in water phase, using bacteria to produce
them during their growing in the presence of suitable metal salts.
In particular, a strain of Klebsiella oxytoca BAS-10, isolated from
acid mine drainage of pyrite mines, was found to be able to
produce a peculiar exopolysaccharide (EPS), during citrate fermen-
tation, that is able to carry out or bind different metallic salts or
metals as such [13,14]. So the BAS-10 strain, grown aerobically in
static mode in the presence of sodium citrate as sole carbon and
energy source and of Pd(NO3)2 added to the culture, may produce
palladium species bound to the exopolysaccharide EPS; after cen-
trifugation to eliminate bacterial cells, the colloidal material is
dried out under vacuum to obtain Pd-EPS as a solid material to be
already used in some Pd-catalyzed processes [15,16]. In this paper
we decided to study further applications of this catalyst on sub-
strates containing nitro groups to reduce.
Materials and methods
NaHCO3, Na2CO3, NH4Cl, MgSO47H2O, NaH2PO4, KCl, Na-cit-
rate, Pd(NO3)2 dihydrate, nitrobenzene, 1-iodo-4-nitrobenzene, b-
methyl-b-nitrostyrene and THF were Aldrich products. Pd-EPS was
prepared as described in the literature [16]. TEM, XPS and atomic
absorption analyses were carried out as described in a previouswww.elsevier.com/locate/nbt
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TABLE 1
H2-treatment of nitrobenzene (I) catalyzed by Pd-EPS
Entry Conversion (%) II yield (%)
1 99.0 99.0
2a 99.5 99.5
3a 99.6 99.6
4a 99.1 99.1
Reaction conditions: substrate = 0.98 mmol; substrate/Pd = 1000/1 (molar ratio); T = 808C;
t = 24 hours; p(H2) = 5 MPa; H2O = 2 ml; THF = 2 ml.
a Reaction carried out by using the catalytic phase recovered from the previous
experiment.
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gaschromatograph (HP1 column 30 m  0.32 mm  0.25 mm)
and GC–MS analyses were performed by using an Agilent MS
Network 5937 (HP-5MS column 30 m  0.25 mm  0.25 mm).
Bacterial strain cultivation
Cells of K. oxytoca BAS-10, kept in cryovials at 808C in 25%
glycerol, were retrieved in Nutrient broth (Difco). For preparation
of the aerobic biogenerated catalyst Pd-EPS was used the following
medium (NAC medium) which contains per liter: 2.5 g NaHCO3,
1.5 g NH4Cl, 1.5 g MgSO47H2O, 0.6 g NaH2PO4, 0.1 g KCl, and 50
mM (14.7 g L1) Na-citrate [16]. The medium was buffered at pH
7.6 with NaOH. A pre-inoculum (50 ml) of BAS-10 strain was
previously prepared and then 1 L NAC was finally inoculated
(1:100, v/v) in 500 ml NAC medium in 1 L glassware flask. When
the cell density (1.0 Abs600mn) was reached, the BAS-10 culture
was amended with 25 mg of Pd as Pd(NO3)2. The culture was
incubated for further three days at 308C until the metal-enriched
polysaccharide was extracted from the cell culture.
Metal polysaccharide extraction
The aerobic culture of K. oxytoca was harvested by centrifuging
each 500 ml at 4000  g for 25 min. The metal binding polysac-
charide (Pd-EPS) was separated from the cells by centrifugation.
The fraction containing Pd-EPS was resuspended in a phosphate
buffer (PBS pH 7.4) and was treated with 95% cooled ethanol (48C)
to reach a 70% alcohol final concentration to precipitate the metal
enriched polysaccharide. The cold precipitate was dried out under
vacuum to obtain a solid material, which was pulverized by a
mortar, and then stored at 48C until the use.
Catalytic experiments
All the reactions were carried out following a procedure similar to
that below described for the Pd-EPS catalyzed reduction of nitro-
benzene (I). Experimental details are reported in Tables 1–3.
In a Schlenk tube, 8.5 mg (corresponding to 0.00098 mmol of
Pd) of Pd-EPS were stirred under nitrogen in 2 ml of distilled water
for about 10 min. A solution of 120 mg (0.98 mmol) of freshly
distilled nitrobenzene (I) in 2 ml of THF was then added to the
aqueous phase. The Schlenk tube was then transferred into aTABLE 2
H2-treatment of 1-iodo-4-nitrobenzene (III) catalyzed by Pd-EPS
Entry Base Conversion (%) 
1a – 100 
2 – 68.5 
3 Buffer pH 10 87.5 
4b Buffer pH 10 34.5 
5 Na2CO3 100 
6b – 56.0 
7 Na2CO3 100 
8b Na2CO3 100 
9b Na2CO3 100 
Reaction conditions: substrate = 0.98 mmol; substrate/Pd = 1000/1 (molar ratio); H2O = 2 ml; 
= 1/1 equiv.
a p(H2) = 5 MPa.
b Reaction carried out by using the catalytic phase recovered from the previ
314 www.elsevier.com/locate/nbt150 ml stainless steel autoclave under nitrogen, pressurized with
5 MPa of H2 and stirred for 24 hours at 808C (Table 1). The reactor
was then cooled to room temperature and the residual gases
released. Diethyl ether was added and the organic phase was sepa-
rated, dried on Na2SO4 and analyzed by GC and GC–MS. To recycle
the catalyst for further experiments, the aqueous phase was
extracted 3–5 times with 3 ml portions of diethyl ether until both
the substrate and the reduction products were no more present
in the organic extract (analyses carried out by GC and GC–MS), and
then used as catalytic phase in a recycling experiment.
Results and discussion
Recently we described the preparation of Pd-EPS [16]. This species,
containing 1.7% of palladium (wt%), presented particles with
diameters ranging from about 30 nm for the smallest ones up
to 550 nm in the case of particles aggregation; moreover, XPS
measurements showed that palladium was initially present as
Pd(II) ions and during hydrogenation a part of it was transformed
in Pd(0) [16]. Pd-EPS was successfully employed as catalyst precur-
sor in the aqueous biphasic hydrodechlorination of aromatic
chlorocompounds and in the hydrogenation of carbon–carbon
double bonds [15,16]. On the basis of these results, we decided to
explore the activity and selectivity of this species also in the reduc-
tion of some model nitro compounds, being the corresponding
amino-compounds widespread used in the chemical industry for
the production of pigments, azo dyes, rubbers, amino-resins, her-
bicides and other fine chemicals [17,18]. Traditional productionI yield (%) II yield (%) III yield (%)
100 nd nd
68.5 nd nd
87.5 nd nd
34.5 nd nd
100 nd nd
56.0 nd nd
100 nd nd
100 nd nd
100 nd nd
THF = 2 ml; p(H2) = 3 MPa; T = 808C; t = 24 hours. Buffer pH 10 = 2 ml; Na2CO3/substrate
ous experiment. nd = not detected in the reaction mixture.
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TABLE 3
H2-treatment of b-methyl-b-nitrostyrene (V) catalyzed by Pd-EPS
Entry Conv. (%) VI yield (%) VII yield (%) VIII yield (%) IX yield (%)
1a 100 7.5 41.0 51.5 nd
2 92.0 4.0 23.0 65.0 nd
3b 100 3.5 21.5 75.0 nd
4b 99.0 2.5 20.5 76.0 nd
Reaction conditions: substrate = 0.98 mmol; substrate/Pd = 1000/1 (molar ratio); H2O = 2 ml; THF = 2 ml; T = 608C; p(H2) = 3 MPa; t = 24 hours.
a T = 808C; p(H2) = 5 MPa.
b Reaction carried out by using the catalytic phase recovered from the previous experiment. nd = not detected in the reaction mixture.
SCHEME 2
H2-treatment of 1-iodo-4-nitrobenzene (III) catalyzed by Pd-EPS.
R
es
ea
rc
h
P
ap
erroutes, via reduction using Fe or sulphides, are not sustainable due to
the formation of waste sludge [19]. Catalytic hydrogenation over
supported transition metals represents a cleaner alternative but the
formation of toxic azo- and azoxy-derivatives is still a drawback
[20,21], therefore more active and selective catalytic systems are
always under investigation for lowering some possible risks. Palla-
dium is an active transition metal which has been used in different
forms to reduce nitro derivatives; as a matter of fact palladium
complexes are able to reduce nitrobenzene to aniline in homoge-
neous phase as well as in aqueous biphase system or when supported
on polymers [22–25], therefore we carried out a preliminary study
on nitrobenzene (I), chosen as model substrate (Scheme 1).
The reaction, carried out in the system water/THF at 808C and 5
MPa of H2 for 24 hours, by using a substrate to palladium molar
ratio 1000/1, furnished exclusively aniline (II) with 99% yield.
After extraction of the organic products with diethyl ether, Pd-EPS
was easily recovered by separation of the aqueous phase from the
organic one and used in three recycling experiments without loss
of activity (Table 1). Noteworthy, no detectable dissolution of
palladium during hydrogenation was registered.
The good capability to catalyze the hydrogenation of the nitro
group of nitrobenzene spurred us to test the selectivity of our
catalytic system in the reduction of a substrate containing both a
nitro- and a halo-group. Pd-EPS had been successfully used by us in
the hydrodehalogenation of aromatic halocompounds [15] but
the chance to selectively reduce the nitro group without hydro-
genolysis of the carbon–halo bond represented an exciting chal-
lenge: for this purpose we chose 1-iodo-4-nitrobenzene (III) as
model substrate (Scheme 2) with the aim to selectively obtain
4-iodo-aniline (IV).
Surprisingly, a first reaction carried out in H2O/THF at 808C and
5 MPa for 24 hours, gave a complete conversion to nitrobenzene (I)
but no product deriving from the hydrogenation of the nitro
group was formed; by lowering the H2 pressure to 3 MPa the only
result was a lower conversion (Table 2).SCHEME 1
H2-treatment of nitrobenzene (I) catalyzed by Pd-EPS.We tried to explain the inactivity of Pd-EPS towards the reduc-
tion of –NO2, at these reaction conditions, by hypothesing that
HI, formed in the reaction, could cause the deactivation of the
catalytic system; therefore, to prevent the effect of HI we carried
out some experiments always at 808C and 3 MPa of H2 for 24 hours
but in an alkaline medium (Table 2). By using an aqueous phos-
phate buffer (pH = 10) conversion was encreased but, also in this
case, only nitrobenzene (I) was formed: when the catalytic phase
was used in a recycling experiment, the conversion strongly
decreased (entry 4, Table 2). The reaction was then carried out
in the presence of Na2CO3: the conversion was quantitative but
only adding fresh Na2CO3 in every recycling experiment the
catalytic activity was maintained; in any case the only product
was nitrobenzene (I), the nitro group remaining unchanged. This
result was rather disappointing for our target, that is, 4-iodo-
aniline (IV), and difficult to rationalize. Palladium is known to
be an excellent catalyst for the dehalogenation of aromatic
halides and for the reduction of the aromatic nitro group, and
the goal to hydrogenate the nitro group with no hydrogenolysis
of the carbon–halo bond is indeed a difficult task. However, also
the selective removal of the halide is quite uncommon and
perhaps, at the best of our knowledge, never described before.
It is known that the selectivity of this reaction may be affected by
the presence of additives, such as for example triphenylpho-
sphite, or by a pre-treatment of the palladium catalyst with a
sulfoxide and then with hydrazine [26]; moreover, the catalytic
activity can be influenced also by metal dispersion, support
interactions or by the presence of a second metal [27]. On the
basis of these facts it will be necessary to find a suitable modifier
for the Pd-EPS catalyst if the synthetic target is to reduce the nitro
group avoiding the breaking of the carbon–halo bond.
To further evaluate both activity and selectivity of Pd-EPS
we turned our attention to b-methyl-b-nitrostyrene (V), a mole-
cule that presents both a C C double bond and a nitro group
(Scheme 3).www.elsevier.com/locate/nbt 315
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SCHEME 3
H2-treatment of b-methyl-b-nitrostyrene (V) catalyzed by Pd-EPS.
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carbon–carbon double bond depends on the modality of addition
of H2 that in turn depends on the reagent used. In particular, the
1,4-H2 addition leads to the reduction of the C C so furnishing
only the saturated nitrocompound [28]. In this context, b-nitros-
tyrenes can be reduced to b-nitroethylbenzenes with 60–90%
yield in the presence of homogeneous rhodium catalysts [29],
while b-aminoethylbenzenes can be obtained in about 80% yield
by carrying out the hydrogenation in the presence of 10% Pd/C in
acidic medium (HCl) at 858C and 3.5 MPa of H2 [30]. When the
modality of H2-addition is 1,2, then the reaction products can be
oximes, hydroxylamines, amines and carbonyl compounds de-
riving from the hydrolysis of the corresponding oximes [31].
Oximes can be formed also by hydrogenation of b-nitrostyrenes
catalyzed by Pd in pyridine [32]. Pd/C is very active for the
hydrogenation of trans-b-nitrostyrene at 908C and 10 bar of H2
but scarcely selective, affording both the corresponding oxime
and the saturated nitro compound, besides the contemporary
formation of N,N-bis(2-phenylethyl)amine and the complete
hydrogenation of the substrate to the saturated amino com-
pound [33]. The selective and almost exclusive reduction of
the nitro group to the amine is achieved in good yields on a
Pd/CaCO3 catalyst poisoned with Pb (Lindlar catalyst) thanks to
the addition of a carboxylic acid [27]. A first hydrogenation
experiment was carried out on b-methyl-b-nitrostyrene (V) at
808C and 5 MPa of H2 for 24 hours, by using a water/THF mixture
as solvent (entry 1, Table 3). At these conditions conversion was
quantitative and the reaction products were the oxime VII and the
saturated nitroderivative VIII, formed in similar amounts, besides
a small amount of the ketone VI, this latter due to the hydrolysis
of the oxime VII [29]. To improve the selectivity of the reaction,
b-methyl-b-nitrostyrene (V) was hydrogenated at 608C and 3 MPa
for 24 hours: conversion was 92% and the selectivity towards
the hydrogenation of the C C double bond was enhanced,
with the formation of 65% of the saturated nitrocompound VIII.316 www.elsevier.com/locate/nbtNoteworthy, the aqueous catalytic phase was used in two conse-
cutive recycling experiments without loss of activity (Table 3).
Conclusions
This study shows that Pd-EPS is an interesting pre-catalyst poten-
tially useful for H2-treatment of compounds containing a nitro
group functionality with fine activity, peculiar selectivity and
good recyclability. In some compounds nitro group is the reactive
group, in other cases other functional groups are more reactive or
exclusively reduced. The use of both an easily recyclable biogen-
erated catalytic system and water as co-solvent can represents a
sustainable methodology to obtain some valuable derivatives. As
observed in previous works [15,16], though Pd-EPS is not soluble in
water but only suspended in it, the presence of water is funda-
mental for a good performance of the catalyst. As a matter of fact,
when the hydrogenations, above described, were carried out by
using only THF as reaction medium, conversions were practically
negligible. This confirms our hypothesis that that water plays a
fundamental role in the activity of this species, probably because it
induces a swelling of the polymeric structure so allowing to the
metal particles to be more available for interaction with the
reagents; in particular, starting from a twisted exopolysaccharide
with the metal nanoparticles embedded in it, water can unroll this
structure so rendering palladium particles less hindered and more
available to act as catalyst. Some peculiar selectivities, here ob-
served, show however that the polysaccharide backbone may play
also a relevant valuable role. Noteworthy, in all the performed
experiments no relevant leaching phenomenon was observed.
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